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Numerical simulation of the ONERA experiment

Edney type IV interaction

log_10(p[Pa]) contours - Grid 300x351

Shock generator results in grey
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Numerical simulation of the ONERA experiment

Edney type IV interaction

Mach number contours - Grid 300x351

Shock generator results in grey
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ONERA - Edney type IV - GRID=300x351 - zoom
log_10(p)
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ONERA - Edney type IV - GRID=300x351 - zoom
log_10(p[Pa])
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ONERA - Edney type IV - GRID=300x351 - zoom
MACH NUMBER - step = 0.5
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ONERA - Edney type IV - Comparison between experiments and computations

experiments by ONERA
computation (300x310) by D. D’Ambrosio
computation (300x351) by D. D’Ambrosio
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ONERA Edney type IV - Comparison between experiments and computations

experiments by ONERA
computation (300x310) by D. D’Ambrosio
computation (300x351) by D. D’Ambrosio
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Shock-shock interactions - RUN 38 - CALSPAN

Experimental data
Numerical results: grid 150x75

Numerical results: grid 300x250
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Experimental data
Numerical results: grid 150x75

Numerical results: grid 300x250
Measured wall temperature

� ú��������rü�ý���þ���ü�������ü�ÿ����������� !������ "������ !
Aÿ#�
$&%('*)�+F¥§¦ 9�7FE�E 3 9�7 ù�1*;�/ 7 ù�¨�©83*ª�; % E ¨ 9 % � 3*¨ % >�1�ù�¨z¨�/ 7
«]ù�<�<£BG> 9 H,IsK¬M�O4)� ª4C 7:9 % 5 7 1�¨Rù�<�®Aù�<�3 7FE ® 7:90E 3 E 143#¯
5 7:9 % .�ù�<�C 9�7 ; % .�¨ % >�1 E )

SF_�a�h�T"Q*V	W R�PYR^]�V��4U�T"R^V�W�T(XYV0U4_^T(PFU4_�PFq�g�h^V�_^_^c�h�V,R�S:g#_zS:U#W
P:q&R�]�VLR^]�V	h^XYP�a�P�c�g�d(V	_	t,��U�SFW�W�T!R�T"P�U�R^P R^]4VsW�T�_�a�h�V0g4SFU4a��
T"UYR�]�Vzg*V	SFbLZSFd"c�V�_0~�SD_^V	a0PFU4WYW�T�_^SF[Fh�V0V	XsV	U�R&Q#V0R�e�V	V0UnV�l��
g#V	h^T(XYV0U�R�_�SFU4WDU�c�XYV0h�T�a0S:d�h�V	_^c�d!R�_�T(_�g�h�V	_^V0U�R�T"ULR^]�Vfh�S:U�[�V
Q#V0R�e�V	V0Uo°j{���±,S:U4Wm°z�F��±�t�²zPe�V	ZFV0h�~�U�c�XYV0h�T�a0S:dr_iT(X�c�d�S�
R^T(PFU4_�g#V	hiq�P�h^XYV�WJQ��JPFR^]�V	hrS:c�R^]�P�h�_�q�P�h�R�]�V�_�S:XYV�R�V	_iR�a	SF_^V
S:h�V�T(U�Z�V0h���[FP�P�W�S:[�h^V	V0XYV0U�R`e�T"R^]�R^]4Vsg4h^V�_iV	U�R,U�c�XYV0h�T!�
a0SFd&W�SR�S�t�³`U�VYg*P�_�_iT(Q�d(VnV�l�g�d�S:U4S:R^T(PFU�q�PFh\R�]�V�W�T"�*V	h^V	U4a�V
e�T!R�]�R�]�VLV0l�g#V	h^T(XYV0U�RJa0PFc�d�W�Q*VYSRiR�h^T(Q�c�R�V	W�R^P�_iP�XsVLc�U��
_�R�V	S�W�T"U4V	_�_\T"UmR�]�V�T(U4a�P�XYT"U�[�_^]�P�a�b�g*P�_^T"R^T(PFUoW�c�h�T"U4[�R^]�V
V�l�g*V0h�T"XYV0U�R�S:d�R^V�_�R�_0t
��]4VsU�c�XYV	h^T�a0SFd�_^T(X�c�d�SR�T"P�U�P:q�R^]�VYV0l�g*V0h�T(XsV	U�R�S:d&a0PFU��

W�T"R^T(PFU4_rP:q#v�x`yµ´�{ze�V	h^V£g#V	hiq�P�h^XYV	WDc4_iT(U�[zR^]�h�V0V�W�T"�*V	h^V	U�R
[Fh�T(W4_0t���]4V�a�P�S:h�_iV	h8[Fh�T�WJT(_8R^]�VfPFU�V£c4_iV�WJq�PFhrT"U�Z�V	_iR^T([�SR�T"U4[
R^]�VsV���V	a�R,PFq&R^]4VsT(U4a0PFXYT"U4[ _^]�P�a�b�g*P�_^T"R^T(PFU�SFU4W�T�_,a�PFXs�
g#P�_iV�WpPFq����:�Lg#P�T"U�R�_�T(U�R^]�VJU�P�h^XnSFd8W�T"h�V	a�R^T(PFU8~�e�T"R^]�[�h^T�W
_�R�h^V0R�a�]�T(U�[ja0d"P�_iV�R�P�R^]�V�efSFd"d�t8��U\R�]�V�R�S:U�[�V0U�R^T�S:dFW�T"h�V	a�R^T(PFU8~
R^]�V�[�h^T�Ws_ig4S�a�T(U�[JT(_���W�V	[Fh�V0V�T(ULR�]�V�h�S:U�[�V,¶"°�´���±z·�¸`´���±�¹�t
��]�V0U�~`R�]�VmR�SFU�[FV	U�R^T�S:d\[Fh�T�W�_^g4SFa0T"U4[wT(U4a0h^V�SF_^V	_�d"T(U�V�S:h�d"�
c�gºR�P�S�XnSl�T(X�c�X»ZS:d(c�V¼P:q��Ft���W�V	[Fh�V0V�_�SR�R^]�V¼c�g��
g#V	h,SFU4W�d(Pe�V	hjQ*PFc�U4W4S:h�T"V�_0~�_iP�R^]4S:RzR^]4VL[�h^T�W�W�T(XsV	U4_^T"P�U
T(_ ���F�l6�0´�{�g#P�T"U�R�_0to¢½_iV�a�PFU#WµXYV	_^]¡_iR^T(d"d�a�P�U�R�S:T(U4_ ���F�
g#P�T"U�R�_�T(U\R^]4V£U�P�h^XnS:d�W�T(h^V�a�R^T(PFU�~�Q4c�R�R�]�V£R�S:U�[�V0U�R^T�S:d�_ig#SFa��

¾j¿FÀ\Á�Â
Ã�Ä�Å	ÆÇÉÈ	ÊFËDÌ�ËFÍÏÎ�Ç�Î�Ð:Î�Å ¿FÀ Ã�Å0Æ ¿ ËFÊÐ:Î�ÇÉÈ�Í�Ê:ËFÑLÃ�ÍÏÎ�Æ ¿ Ë:ÊÐ:Î�ÇÉÈ�Í�ÒFÊFÓ0Å0Æ�Ô Â0Â Ô�Õ Â0Ö	¾ Ô



x/R

y/
R

-2 -1.5 -1 -0.5
-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

RUN 43

Mach number contours

×�Ø�Ù�Ú:Û�Ü Ý�Þ�ß�à�á	â�Û�ã�Ýä�ã�Þ�â�å�æ

x/R

y/
R

-2 -1.5 -1 -0.5
-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

RUN 43

log10(p/pinf) contours

ç Ø�è�Þ�â�é�Ú:Û�áDÜ�á0Ú�ä�ä�â�ÚFÝ�å�é�á�â�ê�ë!å�ä�â�ë"à�Þ�ä�ë!ã�Ý#æ
ì&í(î*ï,ðFñ ò ×�ó0ô2õ4ö6÷ ç8ø:ù ×�õ*ú=û(ü î*ýAþ ü�ÿ�� ù�ø���� ö ù�ø ÿGü ù
���	��
�ñ�ï
������������������������ �"!$#�%'&$('!�#$%�)*�,+-�.0/1#�2 3�45�6�����7�8+79�/"���:�
; �0<5� ;	=�; � ;?>�@ � � = 45�A.�BDCA45�7���:�6�A�0�E�����A�6�4�+D.�B��:���
F . ;G>�= �����:�H.��� @ 45. ; ����AIJC83�#0<�K�L�M > .��H$��+�N�2-O�.��-������P*��7�
�����H4Q9RM�#�# > .��H���+SIT/"���:�U+V���:�7� F ���H��$NW/"���6�:� = +:�64X��Y�:���
�.�� ; � @ 45�H�:� F �:�H.�Z9[/"��� @ �W�����	��������7$���H� @ + > � F ����E�,+'#�2 K�3
45�7���:�6�6+R\*�7�V/]�6�7^���"!�#$%_&`('!�#�%:)Q���4?�:��� ; �0<5� ;W=�; ����5a
���6����H� @ + > � F �H��G�H+_#�2b3W45�6�����7�8+�IcM�#�#0<�3�K�d > .��H$��+�N�2

egf'h !�M�\*� @ .����+-�:.�������Bc� ; � @Hi .�Bj�:���'kR4��� i al� i$> �_mon
F .�5P�� = �����:�H.��+G� @ +J.*2Xpg���rqA� F �Y =�; \*�6�D���4 @ .��`sVtu.�B
> ���6+�+ = ��� F .����. = ��+-+:��.0/"?��?P*� = ���6+"C8M�����*4SC6M�\ F @ �8��� @�i
�:�6v��8� @ ����� > �:�8+J�6 F �R.�B*�'+ =�> �7��+:.��� Fxw �y�z45�H�:� F ���64���.0/{����4�+
�:��� F i`@ ��*45�7�|/{� @�@ ���4^.�BR�E�.�� ; � @ +:��. F�} �:������4�� F � @ �6�Ja
�0���6+{�:����~�.0/�\[�yBT.��:�������:�8� F ���8+R������\[.`4 i 2

� F . ;G> �����H+:.��/"���:������� > �:�8+:+ = �������4��:���|���6���R�������+Va
BT�7�Z���j�:���R/{� @�@�; �8��+ = �:�84|��������z�y< > �7��� ; �7$��+Q�,+Q45�,+ >�@ � i �84
��DP�� = ���6+'C7!$����*4rC7!�\Q2 � ������������|�y�x� F �g.�Bj�����|�����H4����ya
P��� ; �6$�?�,+D+ = F �������0�E��P���7�������,4 > ��.54 = F �8+������������7�

> �8� } 2�pg��� F . ;G> �����H+:.�U/"���:���������7< > �6�:� ; �7$��+E�H+��.��
+:���:�,+VBc� F ��.�� i ��+�Bc���G��+������ > �6� } v0� @H= �6+G����� F .� F �7����64j2
� @ +J.��HS�:���H+ F ��+:��9*� �'�H+ > .$+:+:��\ @ ����.D�.���� F �W��+:� F .��4S45�,+Va
F ��� > �� F i ����:������������^���_K�#$%u&]�_3�#�%�)�2^pg���EP���6�	���:�,4
+J��.0/�+��:���_�:���7�4��:.W���y� F @ .$+J�6�-��.��:���'�y< > �7��� ; �7$��� @ 4��0���
��1�����0�����:�8��9g�����H+:�H����:���^� = �8+V����.�U/"���y�����7�E��B = �J�����7�
�����H4u���yP��� ; �7$��/{. =�@ 4u\*�	�� F �6+�+:��� i ��. F � > � = ����� @ . F � @
> � i +J� F � @"> ���7�. ; �7�.�Q2���.0/{�7v��7�89z�:���A� = �6+J�:�H.����\[. = �
�:����+J�:�8��45�H��8+:+g.�BZ�:�����y< > �6�:� ; �7$����� ; ���H�+{. > �7Q2

� + ; �7$�:�H.���84Y�HU� > �:�6v$�H. = +G+:� F �:�H.�Q9]��X�:���r�y< > �6�Ja
� ; �6���+ F .�*4 = F ���64��0�^� �_�����j� h � �r/g��+ > �:�7BT�7���:�84U�:.
= +:� ; .`4�� @ +E/"���:���.�5a F .��4 = F �:�H���+ = �JBc� F �6+62�pg���6Q9��H
�:��.$+J� F ��+J�8+{/"���7���_���������6+ =�@ ������	/g� @H@ �:� ;?> �7���0� = �:�����H+:�6+
/]�6�:�G� ;G> .��:����$�69x�:���?+ = �:Bc� F �W��� ;?> �6����� = ����45�,+V���:�H\ = ����.�
/{��+D����\ =�@ ���:�64��:.����7�:���6�u/"���:���:�������6�0�S�������+VBT�6�����0����9

angle [degrees]

p
[P

a]

-100 -50 0 50
0

2000

4000

6000

8000

10000

12000

14000

16000

RUN 43

black line: 300x528 points

red line: 150x263 points

blu line: 150x143 points

red squares: experimental data

×�Ø�è�Þ�â^é�Ú:Û�á���â�á�åiå^Þ�â�á\ê�ë"å�ä�â�ë"à�Þ�ä�ë!ã�Ý#æ

angle [degrees]

q w
[W

/m
2 ]

-120 -100 -80 -60 -40 -20 0 20 40 60 80
0

500000

1E+06

1.5E+06

2E+06

2.5E+06

3E+06

RUN 43black line: 300x528 points

red line: 150x263 points

blu line: 150x143 points

red squares: experimental data

ç Ø�è�Þ�â�é�Ú:Û�áDÜ�á0Ú�ä�ä�â�ÚFÝ�å�é�á�â�ê�ë!å�ä�â�ë"à�Þ�ä�ë!ã�Ý#æ
ì&í(î*ï�ð0
 � ù�ø���� ö ù�ø ×�õ*ú�ô ø ×��"�8ö[��ú í � � ù í ç ö[� í ü�õ�×$�_��ô ø
�z×�û�û£ÿGü ù �|�G��
�ñ4ïu� ��� ø:ù í ÷ ø õ���×�û]��×�û�ö ø�� � ø:ù7� ö � õ4ö*�
÷ ø:ù í ó�×�û�� ù�ø ú í ó8� í ü�õ � ï

�� �¡�¢�£
¤�¥x¦6§0¨ª©6«�¬�T¬�®�¯°¨b¯°±�¯°¦  �¡ ¤�¦7§   ¬�«0±�¯°¨ª©8®�«�¬�²	¤�®�¯°§   ¬�«0±�¯°¨ª©°®z³�«�´7¦7§Wµ £7£ µ�¶ £7·6¸ µ

    

RTO-TR-AVT-007-V3 9 - 9 



angle [degrees]

p
[P

a]

-100 -50 0 50

2000

4000

6000

8000

10000

RUN 43

150x143 grid

black line: experimental wall temperature

red line: constant wall temperature

red squares: experimental data

¹�º]»5¼`½:¾À¿�ÁyÂ�Ã5½�Â8ÄJÄ:¼`½�Â�Å�Æ�ÄoÇ�½�Æ�È�¼�Ç�Æ É�Ê*Ë

angle [degrees]

p
[P

a]

-60 -40 -20 0 20 40 60

200000

400000

600000

800000

1E+06

1.2E+06

1.4E+06

1.6E+06

RUN 43

150x143 grid

black line: experimental wall temperature

red line: constant wall temperature

red squares: experimental data

Ì º]»5¼`½�¾À¿�Á�Â�Í$Â7¿°ÇgÇ�½�¿�Ê`ÄV¾ÀÂ8½"Å�Æ ÄVÇ�½�Æ�È�¼�Ç�Æ É�Ê*Ë
Î-ÏHÐ[ÑZÒ�ÓÕÔgÖy×�Ø�Ø�Ù[Öy× ¹`Ú[Û^Ü × ¹�Ý"Þ Ù[ß Û ÏHØ Ý Ö7Ï Ì Ù Ý Ï�à Ú�¹$Ý_Ý�Ü ×
á_¹`â,â*ã à`Ö_ä�å	æèç�éWÙxØ�Ï Ú Ð ¹	ê à Ú Ø Ý�¹`Ú�Ýgá_¹`â,â[Ý ×$ëEìZ×�Ö ¹$Ý Ù[Öy×
à ã é$í`íïîðà`Ö Ý�Ü × á_¹`â,â"Ý ×�ë�ìQ×�Ö ¹$Ý Ù[Öy×�ë�× ¹ Ø�Ù[Öy×^Ï Ú�Ý�Ü ×
×�ß�ìZ×�Ö7ÏÀë�× Ú�Ý Ø8Ñ
ñJò�ó:ô*õ0óDö�óE÷yò�ø�ùHúXû*ürø*ñJü8úYöHýYþTø�ó:ø�ÿ�ürý`ø��?ü7ÿ�öH÷6õ�ù���ÿ�ü6ú5ö,÷��
ó:öHò�ý�ñ�õ�ñAõ�û*ò�ø�ý�ú�õ�ÿ�� ÷yò�ý*ú5ö ó�ö�ò�ý	��
oý�ò�ÿ�ú5ü6ÿró:ò�ÿ�ü���ÿ:ò�
ú5ø�÷7ö�ý��Xõ0óDó�ô�ü^û[ü6ñJóEó�ô�ü^ü����[ü7ÿ�ö��Gü6ý$ó�õ�ù|÷yò�ý�ú5ö�ó:öHò�ý�ñ��{ó:ô�ü
ý`ø��?ü7ÿ�öH÷6õ�ùRñ:ö��	ø�ù,õ0ó:öHò�ý*ñ��]ü6ÿ:üD÷7ò�ý�ú�ø�÷�ó�ü6ú ø�ñ:ö�ý��ró:ô�ü��{õ�ù�ù
ó:ü����[ü7ÿ�õ0ó�ø�ÿ�ü��?ü6õ�ñ:ø�ÿ�ü6úGöHý?ó:ô�ü'ü����*ü6ÿ:ö��?ü7ý$ó�ñ]õ�ñ-õ�û*ò�ø�ý�ú��
õ�ÿ��Y÷yò�ý�ú5ö�ó:öHò�ý	���_ò �]ü�!�ü7ÿ"�]õY÷yò�#��õ�ÿ:ö,ñ:ò�ý1û*ü7ó$�]ü6ü7ýUó$�{ò
÷yò%����ø5ó�õ�ó:öHò�ý�ñ#�[ü7ÿ:þTò�ÿ��?ü6úXø�ñJöHý�� ó�ô�üA÷yò$õ�ÿ�ñJü6ÿ&��ÿ:ö,ú'�"ö�ó:ô
õ�ý�ú(�"ö�ó:ô�ò�ø5ó	ó:ô�ü)!°õ�ÿ:ö,õ�û�ù�ü*�gõ�ùHù-ó�ü��#�[ü7ÿ�õ0ó:ø�ÿ:üE÷7ò�ý�ú�ö ó�ö�ò�ý
ñJô�ò �]ü8ú?ó:ô�õ�ógó:ô�ü�ü�+xü6÷yó�öHñ{ý�ü���ùHö���ö�û�ù�ü%��õ�ñgñJô�ò �"ýEöHý�,���ø�ÿ�ü
-". �

/10'23/547698;:�0'238
< ò%�#��ø5ó�õ�ó:öHò�ý�õ�ù�=�ù�ø�öHú*>?�`ý�õ@�?ö,÷7ñRöHñ{õA!�ü6ÿ��	ø�ñJü7þTø�ù*ó:ò`ò�ù

þTò�ÿ?ñJö��Wø�ùHõ�ó:öHý���ñ:ô�ò5÷CBD��ñ:ô�ò5÷CB^öHý$ó:ü7ÿ�õ�÷yó:öHò�ý�ñ��zñJöHý�÷7ü�ö�ó?÷7ò�ý��
ñJü6ý$ó�ñ?ó�ò1��ÿ�ü6ú5ö,÷�ó�ó�ô�ü^ô�ü8õ0óDùHò�õ�ú�ñ�ò�ýUó�ô�üAû[ò5ú��1ñ:ø�ÿ:þcõ�÷7ü

þTò�ÿ�ú5ö�+[ü6ÿ:ü6ý�ó�ö�����ö�ý���ö�ý��uñ:ô�ò5÷CBE�*ò$ñJö�ó:öHò�ý�ñ��GF�ü�!�ü6ÿJó�ô�ü7ùHü6ñ�ñ��
÷yò%����ø5ó�õ�ó:öHò�ý�ñ]õ�ÿ�üH!�ü6ÿ��GñJü6ý�ñ:ö ó�ö�!�ü�ó:òWó:ô�üI��ÿ�ö,ú?ÿ:ü�,�ý�ü��?ü6ý�ó
õ�ý�úWö ó�ö,ñJ!�ü7ÿ��|ú�öLKD÷yø�ù ó�ó:ò|ò�û�ó�õ�öHý7��ÿ:ö,ú�÷7ò�ý�!�ü6ÿ���ü7ý�÷7üzö�ýWó:ô�ü
õ�ÿ�ü6õ)�"ô�ü7ÿ�üGó:ô�üM�gõ�ùHùN��ÿ�ü6ñ�ñJø�ÿ:ü?õ�ý�ú�ó�ô�ü�ô�ü6õ�óAO�ø���ÿ�ü6õ�÷�ô
ó:ô�ü6ö�ÿM��õ@�`ö��Wø��P!0õ�ùHø�ü6ñ��'
oýQ�?ò�ñJóD÷yò5ú5ö�ó:öHò�ý�ñ��-ó�ô�üE�*ü8õ@B
ù�ü�!�ü6ùHñ��?ü6õ�ñJø�ÿ�ü6úXöHýYó�ô�ürü����[ü7ÿ�ö��?ü7ý$ó�ñ�õ�ÿ�üuñ���õ�ùHù�ü6ÿ��"ö�ó:ô
ÿ:ü8ñR�[ü6÷yó	ó�ò^ó�ô�üuý$ø��Gü6ÿ:ö,÷7õ�ù���ÿ:ü8ú5ö,÷�ó:öHò�ý*ñ��1Sgô�ö,ñGöHñ?õT!�ü6ÿ��
÷yÿ�ö ó�öH÷6õ�ùU�[ò�öHý$ó���ñ:ö�ý*÷yü|ó:ô�ü�ü8ñVó�ö���õ�ó:öHò�ýuò�þ�ó:ô�ü�ô�ö���ô�ü6ñJógô�ü6õ0ó
O�ø��1öHñ?þTø�ý�ú�õ@�?ü6ý�ó�õ�ù"þTò�ÿ�ó:ô�ü^ú5ü6ñ:ö���ý1ò�þ�ô��D�[ü7ÿ�ñ:ò�ý�ö,÷V!�ü��
ô�ö,÷yùHü6ñ��W=�ø�ÿ:ó:ô�ü6ÿ	õ�÷7÷yø�ÿ�õ�ó:ü�ü����[ü7ÿ�ö��?ü6ý�ó�õ�ù{õ�ý�ú ý`ø��?ü7ÿ�ö,÷7õ�ù
ö�ý�!�ü6ñJó:ö���õ0ó�ö�ò�ý�ñ�ñ:ô�ò�ø�ù,ú û[üDý�ü6÷7ü6ñ�ñ:õ�ÿ��^ö�ýïò�ÿ�ú5ü6ÿ�ó:ò�÷yù,õ�ÿ�ö þX�
ñJø*÷�ôuõ�ý�ö,ñ:ñ:ø�ü%�

YQZ	[CZ	\�Z^]H_`Z^a
bdcfehghikj�l�monpl%qsroght�u�vCwpt�x"y`zJiRv�{}|�~��dvCg"y���iR��vCghe����si$ysy�xh�si	�o�py}{s��� |

� x�{s�pt�ghyot�gGm`wpxhg�{om`t�eh�pi$yNv�{Nz	j"�@i$�sy�t�gh�p�����i$i$ehy��pg?{s�hi��f��iRy�i$gh�$i
tC��vCg���u��h�pgh���pgh�����ht��d�@l �;���"rE�^i$�"{Rn%���R�"l�roi$��t�g vCx"{��p��vCw%�	iRy�iRvC�s�d�
��ghy}{�nhtC�����Ui$ehi$gDl%��{�t��s���ht�wpuAl ���Ui$ehi$gDl@� i � ��x vC��jG�R�����"n

� ��tC{RlJ~�nplJ�`� vCg"i${���lNmonpl^��ik��i ��� �si�lJ �nplovCg"eEm`t�xh�d�hvC�se"j�lJ��npl
qs� xhg"e vCu�i$g�{svCwU��{�xhe"jGtC�U���ht��d��|}���ht��d�G��g�{�i$����i$�si$gh�$i��pgG��t��(�oi$g"|
y�� {�j���wpt���¡���wpt��	¢ i$wpeI AiRvCy�xh�si$u�i$g�{�y � j��o���`r��J�l ��£�¤�¥s¦�§�¨�©�ªk«�¬k
«R©@®d«�¨�©G¯	°�¬}«�±f«d²M³	°�¥N´�µ�©@°�¶;·�®�¥ClD �vC�sy�iR�pwpwpi�l@� �svCgh�$i�l�¸�xhw j�¹���|Xº"�
�R�����"n

» zJt�wpehi$gDl	 �npl`���Ui$ik{RlJ�npl`¼�t�wpw j�l`¸ npl`vCghe)��u�t�wp�pghy���j�l	½�nplNqsr
�	i � �pik�¾tC��{s�hi¿roi$��tC{s�hi$��u�vCw��`� vC�dvC�k{�iR���py�{��p�$yotC����vCu��pg vC�Rl ~��dvCghy�� |
{��pt�g vCwUvCghe�~�xh� � x"wpiRg�{����ht��d�hÀ����ht��s�#��g�{�i$�dvC�k{��pt�g)�	i$���pt�ghy¿�pg#z^j�|
�@i$�sy�t�gh�p�o��wpt��^yRl �HÁ�Â�¦�Ã�Ä¿«R¬}¨�¥�Å"°�®d«¿Æ%®R·�«R©@®d«�¥UÇ7«d«R¦È·L©�É�°�©@²�ÊfË�Ã�·ÈÌ$·�¦kl
�	c`ÍoÎ�l Í^Ï�lhÐo��r�lh¸�vCg�x vC�}j&�R¹�|s�RÑ?�R�����"l ro��rJrT��vC�@i$�o����|�Ò������"n

Ó  At�ysy�l ¸ nplh��tC{Rl@~Nnpl�`� vCghik{���l%monplhvCgheA��ik��i ��� �si�l �npl�qd�N�" G�
y��pu;xhwÔv�{��pt�g*tC��ys�ht��d�"À�ys�ht��d���pg�{�i$�dvC�k{s�pt�g"y�¡&iRu��"� vCys�py�t�g�{�j"�@i��ÈÏ
�pg�{si$�svC�${��pt�ghyRl �I£�£�©@²�Õk© ¦È«�¬k©@°�¦È·�¨�©@°�ÖDÆµ�¶JÅ"¨�¥d·L×"¶Ø¨�©AÆ Ã"¨�®kÙ#Ú�°�Û�«�¥Cl
��t�g"eht�gDl½o��i�v�{om`�s� {svC�pgDl"¸�xhw jG�R��|X¹�º?�R�����"n

Ü ½owÔvCysy�l`�onpl�qdÍ^xhu�i$�s�p�RvCw	���pu�xhwÔv�{s�pt�gMtC�J��tR�^|��oi$ghys� {�j����ht��s��|
Ý v � i���g�{�iR�svC�k{s�pt�ghyRl �T£�£�©@²&Õk© ¦�«R¬k©@°�¦È·�¨�©@°�ÖJÆµ�¶JÅ"¨�¥d·L×"¶Þ¨�©VÆ Ã"¨R®$Ù
ÚA°�ÛC«R¥Cl9��t�g"eht�gDl3½o��iRv�{ßm`��� {dvC�pg%l9¸�xhw jP�R��|X¹�ºà�R�����"l3vCwpyst
Í^rN��r�À�~J I|s�R������|X¹�Ò���º�Ñ��"l@¸�xhw jG�R�����"n

áCÊ^°�¥d¦È�ÚA«�¥d¦Aâ�·pÉ�ÃTÆ�Å�«d«d²¾ãfÖ ¨�äåãf·�«�Ö ²W´¿°�¦�°�Ìs°�¥k«'ÚA¨�¬sÙC¥�Ã"¨kÅ�l
Ïo�pi$�`iR����i$�s�pi$y�¡�ÍJtC{�i$yJt�gIÍJxhu�i$���p��vCw��wpxh�pe? AiR�s� vCgh�p�$y�l��R�����"n

æ�¼�gh�p����{Rl���nD��nplUqk��{dvC��i��o�^i$�@t���{Rl �A~�i$�d�Dn���i$�Dnpl���~JÎ Ý t��s��|
�pgh��½o�st�xh�V�RÒ?��~�iR�s�hght�wpt����pi$y;��t������st��@i$wpwpiRe�z^j��@iR��yst�gh�p����wp�p����{s�hl
��x � ���st�xh��ºI���`���'ÏfvCwp�pe v�{s�pt�g7��t��¿z	j"�@i$�sy�t�gh�p����wp�p����{��hl�¸�vCg�x vC�}j
¹�Ò�Ò�Ò"n

ç zJt�wpehi$gDl� �npl� At�y�iRwpwpi�lD¸hnpl�vCghe& �vC��{��pgDl��npl`qsr1��v�{dv � vCysi;��t��
rJiR��tC{s�"iR��u�vCw� Ai�vCy�xh�si$u�i$g�{sy��pg7z^j��@iR��yst�gh�p�;��wptR�5��t��¿�`���(ÏfvCwp� |
e v�{��pt�gDl ��Í^t�����t�wp�l�Ï�r�lhÐ���r¿lD�R�����"l rJ��rorW��vC�i$�J����|�è�Ñ���é�n

ê ��ë rou � �st�y��pthl ��n@vCg"e���vCg"eht�w ¢�l �npl�qk�`t�g�{s��� � x"{��pt�gG{�t��f��t � |
wpi$uì~N�k|X��é�np��¡fz^j��@i$� � t�wpt��pe"|���wÔvC�si�í��$t�wpe@îdl �Iãf·L¬k¥d¦�ï�Æ�ÊU×"¬}¨kÅ"«;âN· ÉCÃ
Æ�Å�«d«d²¾ãfÖ ¨�äðãf·�«RÖ ²¾´�°�¦È°�Ì�°�¥d«ìÚA¨�¬sÙ�¥}Ãh¨kÅñ�ò^°�¬k¦�Õ}Õhl;i$eh� {�i$e � j
�n%m`t����si$wpwp��i${¿vCwÈnplD�`�X�	r�l%ro��ror¿l�ÍJvC�hwpi$y�l%�È{dvCw j�l��R¹�|d�$èAÍ^t � i$u � i$�
�R����é�n

b}ó ��ë rou � �st�y��pthl ��n@vCg"e���vCg"eht�w ¢�l �npl�qk�`t�g�{s��� � x"{��pt�gG{�t��f��t � |
wpi$u¾~J¹�|���é�¡�zJt�wpwptR�M�kj"wp�pghe"iR�}|���wÔvC�si�l ��ãf·L¬k¥d¦oï�Æ�Ê	×�¬�¨kÅ�«JâN· ÉCÃ¿Æ�Å"«s«d²
ãfÖ ¨�ä)ãf·�«�Ö ²�´¿°�¦�°�Ìs°�¥k«&ÚA¨�¬sÙC¥�Ã"¨kÅ#Uò	°�¬k¦`Õ}Õhl%i$eh� {�i$e � jA�n@m`t����si$wpwp�
ik{JvCwÈnpl@�`�X�	r�lhrJ��ror¿l ÍovC�"wpiRyRlh�È{svCw j�l��R¹�|d�$è�ÍJt � i$u � i$���R����é�n

bkb ��vCg"eht�w ¢�l� �nplqsrô�`t�g�{s��� � x"{��pt�g;{�t�{��hi^ÍJx"u�iR���p�RvCw"�f��i$eh�p�k{s�pt�g
tC��Ð^ghy�{�iRvCe"jI��wptR�JyRl ��ÄJÕ�ÄJÄ'õ"¨�×�¬k©@°�Ö�l"Ïft�wÈnh¹�¹"l@ÍJthnhÑ"l��R����º"n

b�� zovC��{�i$gDl�r¿nploc�gh��ö�xh�py�{RlNmonpl�Îoys�hi$�RlN�nplovCgheW�`� vC���dv � vC�}{s��j�l
�n&�Nnpl1qdÐ^gh� ��t���u�w jåzJ�p���÷Îo�sehi$�Tro�$�$xh�dv�{�iQcfy�ysi$g�{s�ÔvCwpw j3Í^t�g"|
Îoy��R�pwpwÔv�{�t���jM���d�hi$u�i$y�l��}���dl �*õ"¨�×�¬k©@°�Öo¨�ª&§�¨�¶JÅ×�¦�°�¦È·�¨�©@°�ÖUò`Ã�µ�¥d·�®�¥Cl
Ï�t�wÈn@é���l%�R����é�n

b}» ��tC{Rl ~Nnpl Í^t � i$u � i$�N�R�����"l �h��� � v�{�iN�Rt�u�u�xhgh�p�Rv�{��pt�gDn

øCù�ú@û7ø�ù
ü�ý`þ�ÿ��������	�
������������hþ úû üoþ�ÿ ú �������������������&ü���hÿ ú ��������������������þ�ÿ�� ù�ù ��� ù���� �

  

 

  

9 - 10 RTO-TR-AVT-007-V3 


	Numerical Prediction of Laminar Shock/Shock Interactions in Hypersonic Flow
	Nomenclature
	Introduction
	Model Setup and Test Conditions
	The ONERA Experiments
	The CALSPAN Experiments

	Numerical Method
	Flowfield Features
	Results
	Numerical Simulation of the ONERA Experiments
	Numerical Simulation of the CALSPAN Experiments

	Conclusions
	References

	Numerical Prediction of Laminar Shock/Shock Interactions in Hypersonic Flow
	Nomenclature
	Introduction
	Model Setup and Test Conditions
	The ONERA Experiments
	The CALSPAN Experiments

	Numerical Method
	Flowfield Features
	Results
	Numerical Simulation of the ONERA Experiments
	Numerical Simulation of the CALSPAN Experiments

	Conclusions
	References


	block: 


